The zinc blende (g) phase of copper iodide holds the record hole conductivity for intrinsic transparent p-type semiconductors. In this work, we employ a high-throughput approach to systematically explore strategies for enhancing g-CuI further by impurity incorporation. Our objectives are not only to find a practical approach to increase the hole conductivity in CuI thin films, but also to explore the possibility for ambivalent doping. In total 64 chemical elements were investigated as possible substitutionals on either the copper or the iodine site. All chalcogen elements were found to display acceptor character when substituting iodine, with sulfur and selenium significantly enhancing carrier concentrations produced by the native V Cu defects under conditions most favorable for impurity incorporation. Furthermore, eight impurities suitable for n-type doping were discovered. Unfortunately, our work also reveals that donor doping is hindered by compensating native defects, making ambipolar doping unlikely. Finally, we investigated how the presence of impurities influences the optical properties. In the majority of the interesting cases, we found no deep states in the band-gap, showing that CuI remains transparent upon doping.
Introduction
In the near future, transparent electronic and photonic devices will become an integral part of our lives, with transparent solar panels turning windows into power generators. The key to this technological advancement lies in materials that are transparent to visible light, yet able to carry an electric current. The so-called transparent conductive materials (TCMs) are usually large band gap semiconductors heavily doped with electrons (n-type) or holes (p-type).
During the last few decades, significant advances have been made in the development of n-type transparent conductors, mainly indium tin oxide (ITO), but also doped SnO 2 , ZnO 2 , and GaN. [1] [2] [3] Among the known n-type TCMs, ITO has the highest conductivity (s = 10 4 O À1 cm À1 ) coupled with a transparency in the visible range of 80-90%. 1 On the other hand, good p-type TCMs remain elusive despite the many candidate materials that have been investigated both experimentally and theoretically (see, e.g., the review by Banerjee and Chattopadhyay 4 ), since the first report of a p-type transparent conductor obtained using NiO. 5 Nickel oxides represent the first class of potentially interesting materials due to their high work function favouring p-type doping. In fact, effective doping is key to transforming an insulator into a transparent conductor. 6 In this context, a high work function favours p-type conductivity by preventing the anion vacancy from being electrically active. In ZnO, for example, the rather low ionization level and formation energy of oxygen vacancies impede high p-type doping under thermodynamic equilibrium. 7 At the end of the 1990s a new family of promising p-type TCMs was identified among the Cu (Ag and Au) oxides with the delafossite structure. 8 In these oxides, the p-d repulsion pushes the valence band maximum upwards favoring a high work function. Hole conductivity was first reported for the delafossite CuAlO 2 in 1997, 9 and since then several other delafossites have been investigated. [10] [11] [12] [13] [14] [15] [16] [17] However, all delafossite TCMs present conductivities at least one to two orders of magnitude lower than their n-type counterparts. The best delafossite proposed to date is CuCr 1Àx Mg x O 2 , exhibiting s = 220 O À1 cm À1 , a Hall mobility of approximately 1 cm 2 V À1 s À1 , 18 but poor transparency (less than 30%) in the visible range. Delafossites display highly complex electronic structures 14, 15 and the associated mechanism for hole conduction is still not completely understood.
It is clear that a solution for the lack of high-performance p-type transparent semiconductors and the discovery of bipolar transparent components represent essential milestones for embedding electronics into transparent systems. In this respect, cuprous iodide (CuI) has recently emerged as one of the most promising candidates for p-type transparent conductors. 19 This unique large band gap semiconductor was already shown to possess a record high p-type conductivity and simultaneous transparency, resulting in a factor of 100 improvement in the figure of merit, when compared to any other p-type TCM. 20 In fact, CuI demonstrates optical transparency values as high as 90% 21 and hole concentrations in the range of 4.0 Â 10 16 -8.6 Â 10 19 cm À3 , with mobilities of 2-43.9 cm 2 V À1 s À1 . 19, 21 The carrier masses of 0.30(1)m e are reported experimentally for electrons 22 and are calculated to be 0.2-0.25m e for light holes 23 (heavy holes display masses of 2.4(3)m e 22 ). The band gap of 3.1 eV has been reported for CuI at T = 80 K, 24 but room temperature experimental studies suggest a somewhat lower value of 2.93-3.03 eV. [25] [26] [27] [28] [29] Consequently, applications of cuprous iodide in organic electronics, solar cells, and bipolar diodes, as well as thermoelectricity have been proposed 19 and transparent p-n junctions using CuI have been synthesized. 30 Despite these recent spectacular results, to enable technological applications charge carrier concentrations need to be increased further, while preserving hole mobilities and transparency at the same time. Moreover, a deep understanding of electronic excitation, charge transport mechanisms and defect physics of CuI is far from being achieved and further theoretical studies are essential to guide experiments in order to reach beyond the present performance. As such, we present here an exhaustive theoretical study of substitutional doping in g-CuI -the low temperature (below 660 K) and ambient pressure phase of CuI, that crystallizes into a zinc blende (F% 43m) structure, 31, 32 see the left panel of Fig. 1 . We investigate substitutions of both the Cu-site and the I-site using 64 candidate chemical elements. This includes all elements of the periodic table up to radium, excluding only lanthanides, actinides, rare gases, and astatine. We are searching not only for hole dopants, that might be used to increase the carrier concentration of p-type CuI, but also for n-type elements to explore the possibility of ambipolar doping in this material.
Results and discussion

Bulk CuI
A suitable exchange-correlation functional for studying defects in g-CuI was determined by comparing the calculated properties of bulk cuprous iodide with the available experimental data. We tested one semi-local functional, specifically the Perdew-Burke-Ernzerhof (PBE) approximation, 33 and two hybrid-functionals popular for solid-state calculations, namely the one-parameter hybrid PBE0 34, 35 and the screened hybrid HSE06. 36, 37 The results for the lattice constant (a), bulk modulus (B 0 ), heat of formation (DE F ), and the electronic band gap (E G ) are summarized in Table 1 .
All three functionals were able to reproduce the cubic lattice constant of the crystalline phase with an accuracy better than 1%. The low bulk modulus of cuprous iodide was also captured well by both local and hybrid functionals, with HSE06 showing Fig. 1 Atomic and electronic structure of g-CuI. Left: Atomic structure of the 64 atom CuI supercell used in calculations. The different defect sites are indicated by bright blue spheres, copper atoms are shown in light green, and iodine atoms in red. Right: Electronic band structure (calculated using PBE0) along selected high-symmetry directions and the corresponding partial density of states. Red points around G indicate the shift in energy due to spinorbit coupling contribution. The resultant change in the band gap is also indicated. the best agreement between experiment and theory. Unfortunately, as is typical of local exchange-correlation functionals 41 the electronic band gap was strongly (almost 60%) underestimated by PBE. This functional also resulted in a heat of formation that is significantly smaller than that measured experimentally. An improved performance was seen with HSE06, resulting in a significantly more accurate heat of formation value but leading to a band gap that is, nevertheless, 0.5 eV too small. In contrast, the PBE0 electronic gap has a value of 3.2 eV, very close to the experimentally measured 3.0-3.1 eV 25-28 and a formation energy that is in agreement with experiment. Since an accurate description of the electronic band gap is crucial for determining defect formation energies, we selected PBE0 as the most appropriate functional for studying defects in cuprous iodide. Finally, the dependence of the band gap on spin-orbit interactions was investigated using the chosen PBE0 functional. Such interactions have been previously reported to induce significant contributions in copper halide compounds. 42, 43 The shift in the electronic bands of CuI due to spin-orbit coupling around the direct band gap at G is indicated via red points in Fig. 1 . We see a small reduction of the band gap of 0.23 eV, bringing our estimated band gap closer to the values typically measured for CuI thin-films. For comparison, a value of 0.64 eV has been reported experimentally for the spin-orbit splitting in CuI. 43 In the right most panel of Fig. 1 we show the partial density of states for orbitals contributing most to the conduction and valence band edges. It is evident that the valence band maximum (VBM), made up of I-5p and Cu-3d hybridized states, results in a stronger spin-orbit interaction effect, while the conduction band minimum (CBM), owing its disperse character to the s-orbitals of both elements, is largely unaffected.
Screening methodology
The formation energy of a given defect, D x , contains crucial information about the stability of different charge states available to this defect. For an impurity element to act as a successful dopant it should be stable in a charge-donating state. If hole conduction is desired, a good dopant element should release one or more holes into the valence band. This is achieved if the impurity remains stable in a negative charge state as the Fermi level approaches the valence band (shallow acceptor). On the other hand, for electron conduction, the dopant should release one or more electrons into the conduction band. In this case, the impurity element should be stable in a positive charge state for Fermi levels close to the conduction band (shallow donor).
For optoelectronic applications, however, the successful release of charge-carriers is a necessary but not sufficient condition to achieve useful doping. Indeed, not only good conductivity is required, but also optical transparency in the visible range. For full transparency this translates to an optical band gap larger than around 3 eV (although absorption in the infrared is allowed), and this property should not be modified by the impurity defects. This can be inferred from the electronic band structure or the density of states (DOS). All impurities creating deep electronic defect-states are likely to result in parasitic absorption, affecting negatively the optical properties of the host. Furthermore, deep defect states are often linked to charge trapping centers. 44 A band gap free of deep defect states is, therefore, a good indicator of a promising dopant element.
As a consequence, we used two properties to determine the suitability of a given dopant element, specifically the electronic DOS and the formation energy, E F Dx , as a function of the charge state, q, and the Fermi level, e F . The energy required to ionize the defect can then be obtained by evaluating the corresponding thermodynamic transition level, e(q 1 /q 2 ), using
The quantity e(q 1 /q 2 ) gives the value of the Fermi level at which the stable charge state of the defect changes from q 1 to q 2 . To determine the formation energies we used the expression given in eqn (2) .
Here, E q Dx is the energy of a supercell with a defect atom D in a charge state q placed at a given site x and E CuI is the energy of the host (g-CuI) supercell without the defect. Furthermore, n i is the number of atoms of type i that were put in (n i 4 0) or taken out (n i o 0) of the supercell in order to create the defect. For example, a copper vacancy, V Cu , corresponds to n Cu = À1, while a carbon atom in an iodine site, C I , leads to n I = À1 and n C = +1.
The chemical potential of each species i, m i , is referenced to the elemental phase, and we determine the interval of possible values of Dm i by considering secondary phase formation (further information on the reference phases can be found in the ESI †). The flexibility in choosing the values of Dm i provides a link to the experimental conditions: a Cu-rich environment corresponds to Dm Cu = 0, while Cu-poor (I-rich) conditions imply Dm I = 0. Finally, De F is the position of the Fermi level with respect to the energy of the valence band maximum, e VBM , in the stoichiometric CuI. Similarly to the chemical potentials, the value of De F can be considered as a parameter reflecting experimental conditions. Values of De F close to the conduction band indicate an n-type material, and those close to the valence band indicate a p-type material. Finally, additional correction terms arising from the use of the supercell approach are gathered in E cor . These include a band-filling correction for the hybrid-functional calculations and corrections for charged interactions and potential alignment for all charged defect calculations. 45 For each impurity species, D, the copper site, D Cu , and the iodine site, D I , were tested. The two sites are indicated in the left panel of Fig. 1 . The elements identified as good substitutional dopants in the first step were tested further by considering two additional incorporation sites: the interstitial site amongst iodine atoms, D i tet-I , shown as a red tetrahedron in the left panel of Fig. 1 , and the interstitial site amongst copper atoms, D i tet-Cu , shown as a green tetrahedron. To evaluate efficiently the formation energies of all 64 candidate elements considered in this study, we performed a pre-screening step using the PBE semi-local exchange-correlation functional, following the approach in ref. 46 . Such a step has been shown to be highly effective in dopant searches in other TCMs. 46, 47 In this way very unstable substitutions and deep defects can be easily eliminated. Most importantly, the tendency of semi-local functionals to delocalize charges will always predict impurity defects to be shallower, thus, allowing us to retain all elements of potential interest. Consequently, expensive hybrid-functional calculations need to be performed only for a small subset of impurities.
p-Type dopants
We summarize, in Fig. 2 , the results of our search for potential acceptor dopants, from the initial screening step using the PBE functional. The energetically stable substitutional site of each element is indicated by the geometric shapes: a triangle corresponds to preferred copper substitution, while a rectangle to a favored iodine substitution. The color of the geometric shape denotes the stable charge state of this substitution under p-type conditions, i.e. when De F = 0. A suitable acceptor dopant should be stable in a negative charge state (indicated by a blue color) under these conditions. It is immediately evident from Fig. 2 that none of the impurity substitutions favor this charge state when the Fermi level is at the VBM. This indicates that no impurity dopants are able to induce degenerate hole conduction in cuprous iodide. In our study, only the elements of the chalcogen series were identified as relatively shallow acceptors, displaying thermodynamic transition levels to a hole generating (q = À1) charge state within 300 meV from the valence band edge. These elements are highlighted by a blue outline in Fig. 2 .
A chalcogen impurity releases a hole only when replacing an iodine, but not when substituting a copper. Consequently, the energetic competition between the two substitutional sites is relevant for determining the suitability of these dopants. The PBE energy difference between the stable charge states of the different substitutional sites is indicated by the number at the bottom right of each element's panel in Fig. 2 . In this way, we can verify that a significant preference for the electrically active iodine site is displayed by all chalcogen impurities, with the smallest energy difference of 1.5 eV found for polonium. Such a large difference suggests that Cu-site chalcogen substitutionals are negligible at room temperature.
Besides the chalcogens, only halogens, carbon and some of the group V-A elements prefer the iodine site. Even fluorine displays similar formation energies for the two positions, despite being isovalent to iodine. The stable charge state of the less favored substitutional site is shown by the color of the small circles in Fig. 2 . It can, therefore, be seen that impurity incorporation is not expected to result in shallow hole generation even if the alternative substitutional positions were stabilized. As a result, potential acceptor dopants in CuI are limited to a handful of chalcogen impurities.
For chalcogens, we double checked the stability of the iodine site by investigating the possibility of the formation of interstitials. We considered two interstitial sites that are indicated by colored tetrahedrons in the left panel of Fig. 1 . All chalcogens showed preference for the copper coordinated tetrahedron (over the iodine coordinated one), favoring a neutral charge state in this position at a Fermi level reflecting a p-type material. Nevertheless, interstitial incorporation remains highly unlikely when compared to iodine substitution, with the lowest energetic difference observed for polonium at a hefty 5.2 eV. We recalculated defect formation energies for the most promising acceptor substitutionals using the more accurate PBE0 hybrid functional (PBE0). The results, under Cu-rich (I-poor) growth conditions, are summarized in panel (a) of Fig. 3 . These are the most suitable conditions for iodinesubstitutional defects to form, as they favor the formation of iodine vacancies, V I . For comparison, the formation energy of the copper vacancy, considered to be responsible for the intrinsic p-type conductivity in CuI, 19, 23, 48, 49 was also included in the plot. We found that the V Cu defect has a thermodynamic transition e(0/À) level at 280 meV above the valence band edge in our PBE0 calculations. This value is in reasonable agreement with a preceding defect study, 23 reporting e(0/À) transitions at 180 meV for PBE and 210 meV for PBE+U. However, our result is significantly higher than an alternative PBE study that found a value of 44 meV 48 and an HSE06 study reporting 23 meV. 49 Interestingly, all our native defect PBE results show good agreement with the corresponding PBE results from ref. 23 , but not ref. 48 , where only V I out of the six intrinsic defects considered has a reasonable energetic match. We were unable to identify the origin of these large discrepancies.
Unlike the native V Cu defect, all impurity acceptors display a direct e(+/À) thermodynamic transition. The lowest transition level is that of oxygen at 145 meV and the highest level of polonium at 440 meV, reflecting the decreasing electronegativity of the elements along the series. Both the relatively deep ionization energies of the chalcogen impurities and their self-compensating nature (due to a direct e(+/À) transition) make these elements not ideal for enhancing the p-type nature of cuprous iodide. Nevertheless, as Fig. 3 reveals, oxygen and sulfur display lower and selenium comparable ionization levels to the intrinsic copper vacancy. Furthermore, the absolute formation energies of S I and Se I lie almost 1 eV lower in energy than V Cu under Cu-rich conditions, suggesting that the number of free-carriers could still be enhanced by introducing these elements.
To support this claim, we calculated the concentrations of each impurity defect in thermodynamic equilibrium as a function of temperature T. The Fermi level at a given T was evaluated using a self-consistent approach described in detail in the Appendix. The estimate of the Fermi level that we obtained was then used to determine defect concentrations based on Boltzmann statistics. Six native defects (V Cu , V I , I Cu , Cu I , I int , and Cu int ) were used together with the substitutional defect to approximate charge neutrality in the material. Formation energies as a function of the Fermi level for the native defects used can be found in Fig. 7 in the Appendix.
Calculated impurity defect concentrations are summarized in the right panel of Fig. 3 . The estimated Fermi level in the presence of sulfur (the most promising dopant) is indicated by a black arrow in the left panel. In the entire 250-650 K temperature range, the Fermi level is pinned at approximately 220 meV above the valence band. This value is significantly lower than the 550 meV calculated for undoped CuI films under the same conditions and comparable to the 170 meV level obtained for undoped CuI films under I-rich conditions (see Appendix). The latter case strongly favors the formation of copper vacancies, but hampers the substitution of iodine. In accordance with the Fermi level values, the right panel of Fig. 3 reveals a significant increase in acceptor defects with the introduction of both sulfur and selenium. Tellurium donates an almost identical concentration of holes to V Cu , while low defect incorporation is anticipated for both oxygen and polonium at room temperature. The corresponding concentrations of defects under I-rich conditions can be found in the ESI. † Even though only S I and Se I are seen to enhance the concentrations of acceptor charge carriers in thermodynamic equilibrium, impurity doping offers an additional advantage over intrinsic defect creation: it is easier to incorporate large (off-equilibrium) concentrations of impurity defects into films during the deposition process. The resultant point defects may then be stabilized by the large activation energies required to diffuse out of the bulk. As a consequence, enhancement in carrier concentrations under Cu-rich conditions may be expected with incorporation of the other chalcogen impurities as well.
n-Type dopants
We also address the possibility of ambipolar doping in cuprous iodide. The initial PBE pre-screening data are summarized in Fig. 4 , with the stable substitutional site under n-type conditions, i.e. when De F is at the CBM, indicated using geometrical shapes. Due to the different behavior of oppositely charged defect states with increasing Fermi level, three different elements -boron, silicon and germanium -yield the lowest energy on the I-site (when the Fermi level is at the CBM) or the Cu-site (Fermi level at the VBM). Therefore, Cu-rich conditions, which favor the formation of iodine substitutionals, are depicted in Fig. 4 . Since most n-type dopants seem to favor the Cu-site, these conditions ensure that elements where the competition between the two sites is close are excluded. For example, in the case of germanium, the compensating I-site substitution with its acceptor character is likely to undermine donor doping efforts. The stable charge state of each defect in the energetically favored position is denoted by the color of the geometric shape. In contrast to acceptors, multiple impurity substitutions retain a positive (donor) charge state when the Fermi level is at the conduction band edge. Among these elements, marked by orange colored geometric shapes in Fig. 4 , are the alkalineearth metals, group III-and IV-B transition metals, tungsten and most of the group VI-A elements (if incorporated on the Cu-site). However, from the latter group only Sn and Pb favor replacing copper instead of iodine. The energetic difference between the two substitutional sites is indicated by the number at the bottom of each element's panel in Fig. 4 . We are, thus, able to identify tin as the most likely amongst the donor elements to incorporate on the alternative site, followed by tungsten and lead that already display a significant (E1.2 eV) energy difference between the two positions.
The stable charge states corresponding to the less favored substitutions, indicated by colored circles in Fig. 4 , show that not only Si and Ge, but also mercury and potassium could act as donors on the less favored iodine substitutional site. However, the formation energies of these positions are simply too high for significant incorporation to be achieved. The same observation is true for the heavier alkaline-earth metals that are predicted to act as donors regardless of the substitutional position taken.
Within the stable n-type dopant candidates, both scandium and yttrium induce electronic defect states below the conduction band edge. Such states are likely to be detrimental to the optical properties of the transparent conductor. The same behavior was also identified for Ti, Zr, Hf, and W impurities, which further display spin polarization and corresponding magnetic behavior. Based on the introduction of the detrimental defect states, these elements were excluded from further steps in our search for useful donor substitutionals for transparent conductor applications.
For the remaining eight donor impurities, we investigated the possibility of interstitial incorporation. We found that all donor impurities investigated retained their n-type character even when placed on the interstitial site, thus promoting electron generation regardless of the location. Furthermore, analogous to the p-type defects, interstitial positions were found to be significantly less favorable. Interestingly, all of the n-type impurities preferred the Cu-coordinated tetrahedral site to the I-coordinated one, despite favoring copper substitution in the bulk lattice.
We calculated defect formation energies for the eight promising donor impurities using PBE0. The results, under Cu-rich (I-poor) growth conditions, are summarized in the left panel of Fig. 5 . We again compare our results with the most prominent native defects of the same character: the iodine vacancy V I (dotted-black-line), and the copper interstitial Cu int (dashed-gray-line). The anion vacancy is anticipated to act as the dominant intrinsic donor. This has indeed been predicted in previous works using both the PBE and HSE06 exchangecorrelation functionals. 23, 48 However, we discover that V I displays an amphoteric character, i.e. the defect opposes the main charge carriers under both n-and p-type conditions. We suspect that the deep e(+/À) transition was overlooked in previous works, simply because the negative charge state of the vacancy was not considered. For Cu int a deep e(+/0) transition is observed at almost 1 eV below the CBM using PBE0. Thus, no native defects are expected to generate significant electron concentrations in g-CuI, lending an insight into why acceptor charge carriers are dominant in the undoped material. Interestingly, neither charged configuration (q = 1 and q = À1) of the iodine vacancy introduces deep electronic defect states, maintaining the optical transparency of CuI. However, for charge neutral V I a spin polarized electronic structure with a peak at 1.89 eV above the VBM is predicted. A similar peak at 680 nm (or 1.82 eV) linked to the formation of iodine vacancies has indeed been observed in photo-conductivity spectra upon high temperature annealing. 28 Moreover, the peak is suppressed when annealing in the presence of iodine 50 further confirming its V I origin. However, the high temperatures (at and above 430 1C) reported by Gruzintsev et al. 28 required for the peak to emerge indicate that it may be attributed to the formation of b-CuI.
Out of the eight potential n-type impurities considered, only group II-A elements retain their shallow donor character using the higher level of theory, while both tin and lead result in the deeper e(+/0) transition levels of 380 meV and 250 meV respectively. Nevertheless, the ionization energies of all impurity elements are much more promising for donor generation than either of the intrinsic defects. Despite forming on the Cu-site, the n-type impurities have the lowest formation energies under Cu-rich conditions shown in Fig. 5 . This is a result of the ternary iodide phase formation, likely to occur at higher iodine partial pressures. Regrettably, under these conditions the absolute formation energy values of the defects at the conduction band edge are very high, suggesting low impurity incorporation at room temperature.
The actual calculated concentrations of the charged impurity defects are shown in the right panel of Fig. 5 . Both Mg and Be are seen to result in more abundant donor defects than Cu int or V I in thermal equilibrium. However, this non-negligible presence of charged defects is an outcome of the Fermi level pinning at 0.7 eV above the VBM (as indicated by the black arrow in the left panel of Fig. 5 ). Very few free-electron carriers are, in fact, generated even with Mg (or Be) doping due to the spontaneous creation of Cu vacancies, whose formation energy drops below zero as the Fermi level is pushed deeper towards the conduction band. The low formation energy of this compensating acceptor defect is likely to avert donor doping attempts in cuprous iodide. Thus, the possibility of ambipolar conductivity in this material is strictly excluded, as any mechanism that would help to suppress the formation of Cu vacancies, would also hinder the formation of Cu substitutionals.
Electronic band structure
In the previous two sections we demonstrated that group VI-A elements act as shallow acceptors when incorporated on the I-site in CuI, while group II-A and VI-A (excluding C) elements act as shallow donors when incorporated on the Cu-site. In this section we look briefly at the effect of these impurities on the electronic structure of g-CuI. Naturally, a defect-state free electronic band structure is crucial to maintaining the desired optical behavior for transparent (semi)conductor applications. Fig. 6 depicts the electronic density of states with an impurity representing each group (II-, IV-and VI-A) using the best dopant candidate element. We can immediately ascertain that in all cases the band gap size of g-CuI is largely unaffected by the introduction of these impurities. In the left panel of the figure, the DOS of O-doped CuI (q = À1) is compared with the undoped case. While the CBM is mostly unaltered, there is a noticeable increase in the DOS near the valence band. We can also identify some occupied states in this charged configuration that are split from the rest of the valence band. However, this may just be an artifact of the low k-point sampling due to the large supercell.
Unsurprisingly, the opposite behavior is observed for the donor impurities. In both cases (q = +1), the valence states are mostly unaffected by the defect elements. Group II-A elements, represented in the middle panel by beryllium, introduce no electronic defect states also near the CBM. However, group IV-A elements, represented in the right panel by tin, show one strongly localized peak just below the conduction band. This indicates that the shallow defect behavior found for these elements is in fact an artifact of the PBE functional, where the p-states of the elements are located above the conduction band of CuI. However, using hybrid functionals localized defect states are found inside the opened-up band gap in the vicinity of the conduction band. Thus, a shallow perturbed-host-like state is not actually formed by the group IV-A elements.
Conclusions
We investigated new strategies for enhancing the electronic properties of p-type transparent conductor g-CuI through substitutional doping. Both shallow p-type and n-type dopants were identified via a high-throughput defect screening approach. Studies of a similar nature on Sn-based transparent conductors have been demonstrated to agree with experimental observations. 46, 47 While we found multiple donor impurities, which would not be detrimental to the transparency of CuI, self-consistent Fermi level evaluation revealed that ambipolar behavior in this material is unlikely to be achieved experimentally. This is a direct consequence of the low formation energy of the compensating native copper vacancy, that is expected to start forming spontaneously E F Dx o 0 eV with increasing Fermi level, regardless of Cu-or I-rich environments. For acceptor dopants, the elements of the chalcogen series were identified as possible dopants when incorporated on the iodine site in the CuI matrix. Under Cu-rich conditions, when iodine substitution is the most favorable, sulfur and selenium were found to significantly enhance the carrier concentrations produced by the native V Cu defects. The limiting factor for doping CuI p-type appears to be the self-compensation of the shallow acceptors identified. The shallowest transitions are observed for oxygen (145 meV), sulfur (215 meV) and selenium (265 meV).
Methods
All density functional theory calculations were performed using the Vienna Ab initio Simulation Package vasp 51, 52 with the projector-augmented-wave method. 53, 54 A plane wave energy cutoff of 700 eV was used in all calculations to obtain energy convergence up to 1 meV per atom (see the ESI †). The copper 3d and 4p electrons and the iodine 5p and 4s electrons were treated as valence electrons. The choice of PAW for all the impurity defect atoms is listed in the ESI. † The volumes of the stoichiometric crystals were obtained by performing unit-cell calculations using a k = 6 Â 6 Â 6 mesh for PBE 33 (Monkhorst-Pack) and PBE0 34, 35 (G-centered).
All defect calculations were performed in a 64 atom (2 Â 2 Â 2) supercell of g-CuI. A comparison with defect formation energies obtained in a 3 Â 3 Â 3 supercell for a selection of atoms can be found in the ESI. † Following the creation of each defect the atomic positions were allowed to relax until the forces on the atoms were below 0.002 eV Å À1 , while the lattice of the supercell was fixed at the value of the stoichiometric crystal. All supercell calculations were performed using spin polarization and a G-centered k = 3 Â 3 Â 3 mesh. The magnetic behavior was carefully checked for all stable substitutional sites, however, no magnetic correction terms were applied when evaluating defect formation energies. Strong correlation interactions were not considered in this work.
To perform the calculations of defect formation energies with the hybrid functionals, we adjusted the volume of the supercell to that of pristine g-CuI obtained with the corresponding functional. No further atomic relaxations were considered, as they resulted in no difference in the thermodynamic transition energies (see the ESI †).
Electrostatic correction terms applied in formation energy calculations were evaluated using the approach proposed by Kumagai and Oba 55 as implemented in the PYCDT code. 56 The introduction of an electrostatic correction term requires the evaluation of the static dielectric constant of CuI. With the PBE functional we obtained an electronic contribution of e PBE N = 6.28 and an ionic contribution of e PBE ion = 1.72. With the PBE0 functional we calculated a value for the electronic contribution (including local field effects) of e PBE0 N = 4.925. We used the ratio between the PBE electronic and ionic contributions to obtain an approximation to the PBE0 ionic contribution leading to the value e PBE0 ion E 1.35. Our result is in good agreement with the experimentally reported optical dielectric constant value in the range of 4.6-5.2, but the ionic contribution seems to be significantly underestimated (experimental values of e 0 are in the range of 9-15 19, 57 ). We would like to stress that a larger dielectric constant favors the charged (donor/acceptor) states of the defects reported. Furthermore, the results are not particularly sensitive to the precise value of the constant: using a value of 12 for the dielectric constant only leads to a reduction of B70 meV in the total charge correction for the singly ionized cells.
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Appendix
Bulk defect concentrations
In thermodynamic equilibrium, the concentration (C D x ) of a defect D x is determined by Boltzmann statistics. Hence, if the Fermi level (De F ), the temperature (T), and the formation energy of the defect E F Dx are known, eqn (3) can be used to obtain the concentration of an individual defect.
Here, k B is the Boltzmann constant and N represents the number of positions the defect can occupy inside the crystal (i.e., multiplicity). For defects that retain the symmetry of the lattice site, N is simply the number of available lattice sites. Eqn (2) and (3) depend on the position of the Fermi level, however, the Fermi level itself is the result of charged defect concentrations. As a consequence, if all important defects are considered, the value of De F in thermal equilibrium can be estimated self-consistently using the charge-neutrality relation. X Dx q Dx C Dx À n þ p ¼ 0;
Here, the sum runs over all defects D x and all relevant charge states q D x of that defect. To obtain the number of free-electrons n delocalized in the conduction band, and the number of freeholes p delocalized in the valence band of CuI, we can approximate the Fermi-Dirac integral by a sum over the one-electron energies obtained from a density functional theory calculation.
One-electron energies were estimated using 10 Â 10 Â 10 G-centered and Monkhorst-Pack k-point meshes in the conventional (8 atom) unit cell of g-CuI. Tests performed using a PBE level of theory verified that a larger 30 Â 30 Â 30 k-mesh changed the calculated self-consistent Fermi level by O (À4) eV. The same order of magnitude changes were observed when comparing the results between the Monkhorst-Pack and G-centered meshes obtained with the PBE0 functional. The final values reported use an average of the two meshes in the self-consistent Fermi level calculation.
For charge neutrality in undoped CuI, six native defects were considered: V Cu , V I , Cu int , Cu I , I int , and I Cu . For both selfinterstitials the Cu-tetrahedrally coordinated site was found to be energetically favorable. The formation energies of these defects as a function of the Fermi level are depicted in Fig. 7 . We can see that the intrinsic vacancies and the Cu interstitial have the lowest formation energies and, thus, result in the highest defect concentrations in thermal equilibrium (see Fig. 8 ).
Concentrations of the native substitutionals and the I int were below 10 7 cm À3 in the entire temperature range considered under both Cu-rich and I-rich conditions and are, consequently, not visible in the plot. For most native defects our formation energy results show excellent agreement with a recent PBE0 study of Koyasu et al., 29 which investigated the link between optical properties and native defects in CuI. There are, however, two notable exceptions: (i) for the I int defect we report a much lower (B1.2 ev) formation energy likely due to a more favorable ionic relaxation and (ii) for the V I defect we report a deep thermodynamic transition to a q = À1 state discussed in more detail in the section n-type dopants.
Under I-rich conditions (left panel of Fig. 8 ) copper vacancies are seen to dominate. The most ubiquitous defect is the neutral copper vacancy (green-solid-line), with charged copper vacancies (green-dashed-line) present in concentrations two orders of magnitude lower. The Fermi level is pinned at 0.17 eV at room temperature and free-hole concentrations (solid-black-line) on the order of 10 16 cm À3 are anticipated. This is in agreement with room temperature acceptor concentrations of p = 4.3 Â 10 16 cm À3 reported experimentally for bulk CuI. 26 We predict that hole concentrations up to 10 19 cm À3 are achievable by increasing the annealing temperature to just below the transition into b-CuI.
Under I-poor conditions (right panel of Fig. 8 ) copper vacancies (q = À1) and the compensating copper interstitials (q = +1) are present in similar concentrations. We note that Cu int (solid-yellow-line) and not V I (solid-red-line) are the dominant n-type defect in g-CuI. The Fermi level is pinned at This journal is © the Owner Societies 2019 0.55 eV at room temperature, resulting in acceptor carrier concentrations below 10 10 cm À3 . Under both Cu-rich and I-rich conditions electron concentrations are negligible in undoped g-CuI.
